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Abstract
The land-ocean margin is characterized by a shallow w ater column, which 
allows light to reach the benthos and supports a diverse community of benthic 
autotrophs. One group of benthic autotrophs, consisting of benthic diatoms, 
cyanobacteria and other photosynthetic microorganisms living near the sedim ent 
surface (i.e., benthic microalgae) accounts for a substantial am ount of this prim ary 
production. Benthic microalgae are also tightly coupled to carbon and nutrient 
cycling processes carried out by the sedim ent bacterial community. Benthic 
microalgae exude complex biopolymers, called extracellular polymeric substances 
(EPS), which consist mainly of carbohydrates, but can contain proteins and nucleic 
acids. EPS serves multiple functions for the benthic microalgae including: sedim ent 
a ttachm ent and stabilization and provides a labile substrate  that may facilitate the 
tight coupling between benthic microalgae and sedim ent bacteria.
A novel experimental apparatus, called the perfusionator, was used to 
examine carbon and nitrogen cycling through the benthic microalgal and sediment 
bacterial communities during a 48-day field experiment. Dual stable isotopic 
tracers (H1 3 C0 3 " and 15NH4 +) were added to the porew ater within the perfusionators 
to trace carbon and nitrogen cycling through inorganic and organic pools in order to 
assess the role of benthic microalgae in sedim ent nutrien t cycling and sequestration. 
Physical and biological processes were characterized by: (1) installing covers over 
half of the perfusionators on day 14 to dampen physical mixing and sediment 
reworking, (2) using glass beads to track sedim ent mixing and reworking within the 
perfusionators, (3) continuous m easurem ents of curren t speeds using an acoustic 
Doppler velocimeter and (4) monitoring a suite of environmental variables. The 
dominant feature of the experimental period was a harmful algal bloom (chi a 
concentrations peaked on day 14 at 107 pg I /1) dominated by Cochlodinium 
polykrikoides, which reduced biomass of benthic microalgae.
Sediment total organic carbon and nitrogen (TOC and TN), benthic 
microalgae isolated through Ludox extractions, and EPS were enriched in 13C and 
15N during the labeling period. Two fractions of EPS were extracted from the 
sediments, a hot w ater (HW-EPS) or intracellular fraction and a hot bicarbonate 
(HB-EPS) or extracellular fraction. Concentrations of HB-EPS were higher than HW- 
EPS, bu t the HW-EPS showed enrichment in 13C before the HB-EPS, consistent with 
its association with photosynthetic pathways inside the cell. The carbohydrate 
content of the EPS was higher later in the experiment when sediment chlorophyll 
concentrations were lower. The carbohydrate composition of the EPS indicated that 
a higher proportion of material was probably derived from sources other than 
benthic microalgae including bacterial sources. Increased concentrations of 
phaeopigments in surface sediments corroborated increased contributions from 
decaying or degraded material, likely derived from the harmful algal bloom. Overall, 
this field experiment traced carbon and nitrogen through the benthic microalgal 
community in a shallow coastal system, and captured the response of the system to 
a harmful algal bloom event. This experiment provided new insights about carbon 
and nitrogen dynamics within shallow systems and benthic microalgae community 
responses to key environmental events.
IX
Dynamics and Composition of the Extracellular Polymeric Substances Produced by 
Benthic Microalgae: An in situ 13C and 15N Approach
INTRODUCTION 
The Land-Ocean Margin
The land-ocean interface makes-up a small percentage (about 8%) of the 
surface area of the Earth, bu t accounts for approximately 30% of the total net 
oceanic primary production (Alongi 1998) and is an im portant site of carbon 
exchange and sequestration (Bianchi and Allison 2009). The efficient trapping of 
nutrients within the land-margin interface contributes to the high productivity of 
the coastal ocean despite the small area it occupies relative to the open ocean. 
Characteristics of this zone include a shallow w ater column, which often allows light 
penetration to the benthos, and enhanced exchange between the w ater column and 
sediments (i.e., benthic-pelagic coupling). Unlike deeper marine environments 
w here organic m atter and nutrient remineralization occur primarily in the w ater 
column, sediments within the photic zone of land-margin systems (Nielsen et al.
2004) and tidal estuaries (Dong et al. 2000) are dynamic regions where nutrient and 
organic m atter cycling and removal occur through microbial agents. Recent studies 
have dem onstrated the importance of benthic autotrophs as agents of nutrient 
uptake and sequestration (Middelburg et al. 2000; Tyler et al. 2003; Evrard et al.
2008). In particular, the coupling between benthic autotrophs and sediment 
bacteria may play an im portant role in sediment nutrient cycling (Tobias et al. 2003; 
Cook et al. 2007; Evrard et al. 2008; Hardison et al. 2011a).
Eutrophication is a characteristic of coastal systems globally (Lotze et al., 
2006; Diaz and Rosenberg, 2008) and directly affects the w ater clarity of nearshore 
aquatic systems, reducing the light needed for benthic primary production and
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subsequent nutrient removal (Stutes et al. 2006; Kemp et al. 2005]. Submerged 
aquatic vegetation, or seagrasses, have been negatively affected by eutrophication 
(Orth et al. 2006} and declining w ater quality in the Chesapeake Bay has been 
identified as the main cause of loss of seagrasses within the estuary (Orth et al 
2010]. Paleoecological evidence from cores collected from the Chesapeake Bay 
show decreases in benthic diatom abundance with increases in eutrophication, 
presumably due to increased phytoplankton production in the w ater column and 
associated reductions in the light available to the benthos (Cooper 1995; Kemp et al.
2005]. Kemp et al. (2005} also proposed that benthic microalgae may have played a 
larger role in the Bay's primary productivity prior to the production of fertilizers via 
the Haber-Bosch process.
Shallow, unvegetated coastal habitats can be areas of high primary 
production (MacIntyre et al. 1996]. Primary producers in these regions are made-up 
of a community of microbes, microphytobenthos, which includes benthic diatoms, 
cyanobacteria and other small photosynthetic organisms. This microbial 
community can account for up to one third of the gross primary production of 
estuarine habitats (Pinckney and Zingmark 1993} and have annual production rates 
up to 300 g C n r 2 (Underwood and Kromkamp 1999}. Benthic microalgal 
communities are highly efficient and tend to utilize and retain nutrients with minor 
losses to their surroundings (Tyler et al. 2003; Hardison et al. 2011]. Benthic 
microalgal communities are also tightly coupled to sediment heterotrophic bacterial 
communities (Evrard et al. 2008; Hardison et al. 2011a]. It is thought that the close 
coupling between benthic microalgae and bacteria may act as a negative feedback to
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eutrophication by reducing the flux of recycled sediment nutrients to the overlying 
w ater column [Hardison et al. 2011a) [Figure 1).
Carbohydrate Classification and Function
Carbohydrates are one of the major classes of biological compounds and 
simple carbohydrates [i.e., glucose) are the most im portant direct organic products 
of photosynthesis. Simple carbohydrates are subsequently polymerized into a 
variety of structural and storage compounds [i.e., polysaccharides). Carbohydrates 
make up the largest fraction of identifiable organic m atter in the oceans, comprising 
20-30% of the organic m atter in marine surface waters, 20-70% of the dry weight of 
marine algae, and up to 20% of the dissolved organic carbon in seawater [Benner et 
al. 1992). Many of the carbohydrates found in living organisms are combined with 
other biological molecules, such as lipids, proteins and nucleic acids.
One characteristic of benthic microalgae is the production of a mucous that is 
excreted from the cell, which is primarily made up of carbohydrates [Bhosle et al. 
1995; Bellinger et al. 2005). The exuded mucous is a complex mixture of biological 
polymers: carbohydrates, proteins, nucleic acids, and these extracellular polymeric 
substances [EPS) can contain heavy metals and toxins that are also exuded from the 
cell [Hoagland 1993, Decho 2000, Pan 2010). Up to 70% of the photoassimilated 
carbon exported from benthic microalgae is in the form of EPS [Goto et al. 1999) and 
Schartau and colleagues [2007) found tha t up to 60% of the exuded organic carbon 
was polysaccharide. This large am ount of exported, energy-rich, organic m atter is 
potentially an im portant source of carbon to shallow coastal systems.
The production and composition of EPS has been studied in detail in the past 
few decades and a variety of operational definitions established. However, the 
function and composition of these pools have not been well-established. For 
example, one fraction of EPS is dissolved and loosely associated with the benthic 
microalgal cells (i.e., w ater soluble EPS), while a second portion of EPS is more 
tightly associated with the BMA (i.e., bicarbonate extractable EPS) (Underwood et al. 
1995; Bellinger et al. 2005). In a recent review of microphytobenthos in estuaries, 
the ambiguity of these EPS fractions was noted:
"EPS-fractions tha t are recovered by any extraction are principally 
operationally defined and give a priori no information about their 
characteristics, their mechanisms o f secretion or their possible 
functions. ” (de Brouwer e t al. 2006)
Many studies have dem onstrated positive linear relationships between exuded 
carbohydrates and chlorophyll a suggesting tha t EPS is a product of photosynthesis 
(de Brouwer et al. 2002, Cyr and Morton 2006). Further support for the production 
of EPS during photosynthesis was provided by investigations showing tha t the 
production of EPS was coupled to photosynthesis (de Brouwer and Stal 2001) and 
tha t production of the bicarbonate or base-extractable EPS was light-dependent (de 
Brouwer et al. 2002). However, Underwood et al. (2004) dem onstrated that EPS 
was produced by microphytobenthos even when critical photosynthetic enzymes 
were inhibited suggesting that EPS production is not a direct part of the
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photosynthesis pathway. Perkins et al. (2001} also showed that EPS production was 
not necessarily a light-mediated response as more EPS was produced by shaded 
microphytobenthos than in ambient light. These contradicting results invoke the 
need for further study on the regulatory processes, (i.e. enzyme function and light 
intensity and duration) involved in EPS production. Cyclical tidal variations also 
affect the production of EPS by altering the vertical migration of benthic diatoms 
(Smith and Underwood 1998). Variability in the production of EPS is also seen in 
the carbohydrate composition of these exported substances, with soluble and tightly 
bound EPS having different monosaccharide compositions, suggesting that their 
production may be under different controls and may serve different functions (de 
Brouwer and Stal 2002).
Numerous functions for extracellular polymeric substances have been 
documented. EPS has been shown in many studies to augment the stabilization of 
the sediments by forming a biofilm (Lucas et al. 2003; de Brouwer et al. 2005; Stal 
and Defarge 2005; Droppo et al. 2007). EPS may also help attach the benthic 
microalgae to the sediment (Decho 1990) and may provide ecological functions such 
as aiding in diatom motility, regulating benthic-pelagic nutrient cycling and acting as 
a source of organic carbon to other organisms (Smith and Underwood 1998; 
Poulickova et al. 2008). Regardless of their function, these polymeric substances 
m aybe  a significant source of organic carbon to sediments in shallow environments 
within the photic zone (Middelburg et al. 2000; de Brouwer et al. 2003). These 
exuded carbohydrates may also be a source of energy that can be re-absorbed and
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utilized for growth by the benthic diatoms from which they originated (Cook et al. 
2007).
Diverse extraction techniques have been used to attem pt to quantify EPS, but 
a universal isolation technique remains lacking. There is also no single analytical 
method able to determine all of the components of EPS. Water, saline solutions, 
EDTA solutions, hot w ater and hot bicarbonate solutions are the most frequent 
media by which EPS is extracted (Underwood et al. 1995; Bellinger et al. 2005). 
Since carbohydrates function as both structure and storage components, a challenge 
associated with these extraction methods is to isolate the EPS structural 
components w ithout contamination from internal storage compounds. Sample 
preparation (i.e. freeze-drying) can disrupt the cellular membranes, spilling the 
contents of the cells and masking the true concentration and composition of 
structural EPS (de Brouwer et al. 2005). Interactions between EPS and sediment 
can also complicate isolation and recovery (de Brouwer et al. 2006). After 
extraction, the EPS is precipitated out of solution using cold ethanol (Decho 1990; 
Stal 2003). Previous studies have dem onstrated tha t this precipitation process does 
not separate low-molecular weight and high-molecular weight material and only 
collects EPS with molecular weights less than lOOkD, which represents less than 
20% of the total am ount of EPS. EPS composition has been studied through 
hydrolysis of the extracted EPS followed by chromatographic techniques, mainly 
HPLC (de Brouwer and Stal 2001; Bahulikarand Kroth 2008). Fluorescent-labeled 
lectins have also been used to bind to certain carbohydrate monomers, i.e. D-glucose
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or D-mannose, in order to visualize the structure of the extracellular polymeric 
substances (Wustman et al. 1997; de Brouwer et al. 2005).
Benthic Microalgae and Sediment-Water Interface Processes
Benthic microalgae, and the EPS they produce, reside at the sediment-water 
interface, w here  surface waters and porewaters converge and rapid cycling occurs. 
This im portant site of exchange between benthic and pelagic environments is 
regulated by an array of biological and physical processes tha t are essential to the 
function of shallow-water ecosystems. Studying these processes requires the ability 
to trace organic and inorganic reactants and products for the assortm ent of 
biogeochemical reactions occurring within the sediments and at the interface. This 
can be accomplished by using stable isotopic tracers of biologically reactive 
elements like carbon and nitrogen (Tobias et al. 2003; Middelburg et al. 2000; 
Hardison et al. 2011b). However, introducing these tracers without disturbing the 
biogeochemical and redox gradients within the sediments can be challenging. By 
utilizing an in situ  porew ater labeling apparatus, similar to sediment advection 
columns (i.e. McGlathery et al. 1998 or Rao et al. 2007), dissolved constituents can 
be traced through the porew ater through the biological activity occurring in the 
sediments and at the sedim ent-water interface. Hardison et al. (2011b) modified 
the sedim ent advection column to create an apparatus, the perfusionator, which 
delivered tracers via porew ater addition over a larger spatial scale in the sub-tidal 
environment. The perfusionator allows for more refined control of solute
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concentrations and distribution and therefore exhibits model characteristics of a 
tool to study sedimentary processes.
Previous research has focused on isolating and characterizing EPS isolated 
from lab cultures and intertidal mudflats [i.e. Underwood et al. 1995; Bahulikar et al. 
2008}. In order to fully understand the multitude of functions that EPS performs, 
field studies should be conducted to examine EPS, and potential trophic links or 
sinks that use this labile form of carbon. Little is known about the microalgal 
communities tha t reside in submerged, photic environments, and the composition of 
EPS produced by these communities. Previous investigations have described the 
sedim ent stabilizing effect of the EPS produced by benthic microalgal communities 
[de Brouwer et al. 2005; Droppo et al. 2007}, however no studies have examined the 
effects of changing physical stressors on the production of EPS in situ. Recent 
studies have described benthic microalgae as functioning as a "cap" for nutrients 
fluxes from sediments, thereby preventing positive feedbacks to nutrient 
enrichment in the overlying w ater column [McGlathery et al. 2007; Spears et al. 
2008; Hardison et al. 2011a; Hardison et al. 2011b}. This hypothesis requires 
additional investigation. EPS has also been speculated to be the labile and freely- 
available material tha t transfers energy and carbon from the autotrophic microalgae 
to the heterotrophic communities of sediment bacteria [Evrard et al. 2008, Oakes et 
al. 2010, Hardison et al. 2011a}.
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Study Goals
The goals of this research project were to study sediment carbon and nitrogen 
dynamics as mediated by benthic microalgae under in situ conditions in the subtidal 
environment. Additionally, this study characterized the extracellular polymeric 
substances (EPS] produced by subtidal benthic microalgae and examined how EPS 
changes in response to physical variables. To accomplish these goals, the following 
hypotheses were examined during an in situ field experiment:
• HI: The dynamics of the benthic microalgal community can be assessed 
under in situ conditions by perfusing intact sediments with isotopically 
labeled porewater. Incorporation of stable isotope label into bulk elemental 
pools and specific biochemical classes such as EPS will provide insights about 
the responses of benthic microalgae to the physical environment.
• H2: Isotopic enrichment of different EPS pools will differ by function. Hot
water-extractable EPS (HW-EPS] will show enrichment in 13Ctoc within the 
first few days of labeling due to its association with photosynthetic activity 
(Underwood et al. 2004; Bellinger et al. 2005]. The bicarbonate-extractable 
EPS (HB-EPS] will show enrichment in 13Ctoc later in the labeling period due 
to its independence from photosynthetic activity (Taylor et al. 1999;
Bellinger et al. 2005] and potential role in stablilization.
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H3: The physical regime of the system will directly affect the quantities of 
the different EPS fractions tha t are produced by the benthic microalgae. 
Benthic microalgae in environments with higher physical stress and 
resuspension will produce more HB-EPS to help anchor themselves to the 
sedim ent (Stal 2003, Bellinger et al. 2005].
In order to test these hypotheses, a dual tracer, in situ, pulse-chase 
experiment was conducted at a study site in the York River Estuary VA (USA). An in 
situ experimental apparatus, called a perfusionator, was used in combination with 
stable isotope tracers (H1 3 C0 3 ‘ and 15NH4 +) to examine the incorporation of carbon 
and nitrogen into benthic microalgae and trace carbon and nitrogen cycling and fate 
through sedim ent microbial processes (Hardison et al. 2011a). Isotopic label was 
followed through various organic and inorganic pools in order to assess the role of 
benthic microalgae in sediment nutrien t cycling and sequestration.
METHODS 
Study Site: York River Estuary
This study used the York River Estuary, VA as a model system for examining 
the dynamics of the benthic microalgal community and production of EPS. The York 
River is the fifth-largest tributary of the Chesapeake Bay and several counties within 
its w atershed are experiencing rapid population growth (State of the York 2000). 
Although the York River does not experience significant problems with hypoxia, 
summertime hypoxia increases during the stratified periods caused by neap tidal 
cycles (Kuo and Nielson 1987; Friedrichs 2009, Reay 2009). The York River has a
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deep central channel that is occasionally dredged for naval traffic. Most of the 
sediments that flank the channel are sandy and within the photic zone (Friedrichs
2009]. The York River is a physically dynamic system due to the interaction 
between tidal and fluvial energy (Schaffner et al. 2001, Reay 2009]. A distinguishing 
characteristic is a secondary turbidity maximum tha t occurs midway between 
w here the Mattaponi and Pamunkey rivers converge and the mouth of the York near 
the Goodwin Islands (Lin and Kuo 2001]. Above this secondary turbidity maximum, 
the w ater column is light-limited; sedim ent resuspension is a dominant process in 
this region and exerts a significant control on organisms living in the w ater column 
and sediments (Friedrichs 2009 and references there-in]. Below the second 
turbidity maximum, w ater clarity increases; sediments in this region are strongly 
influenced by biological activity and reworking (Arzayus and Canuel 2005; Gillett 
and Schaffner 2009; Palomo and Canuel, 2010; and references therein]. The study 
site selected for this experiment was located on a westerly-facing beach in the 
"biologically dominated zone" of the lower York (Figure 2]. This site is 
representative of much of the shoal areas of the lower York River, as well as shallow 
aquatic habitats in similar salinity regimes within the Chesapeake Bay.
Perfusionators
A perfusionator was used to introduce stable isotopic tracers, in the forms of 
NaH1 3 C0 3  and (1 5 NH4 ]zS0 4  to the sediments and their microbial communities. The 
perfusionator used for this experiment was modified from the prototype developed 
by Hardison et al., (2011b]. The modified perfusionator was a rectangular tank
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made from V2 ” thick sheets of Lexan and PVC: 122 cm long, 61 cm wide, and 28 cm 
tall [Figures 3 and 4). A perforated sheet of PVC [0.64 cm hole diameter] was 
suspended 5 cm above the bottom, using a series of PVC support rings. This acted as 
a “false-bottom” creating a reservoir space underneath the sedim ent within the 
rem ainder of the perfusionator from which labeled species and nutrients can be 
delivered to the overlying sediments. Silt mesh [Geotextile, 50 US Standard sieve 
opening] was secured to the perforated PVC sheet to prevent sedim ent infiltration 
of the reservoir. When the “false bottoms" for each perfusionator were constructed, 
a piece of Lexan was secured at 90Q from the false bottom creating two "cells” that 
would share the same reservoir. These cells were constructed to separate the "light" 
and "dark” covered treatm ents  as part of the over-arching experiment. However, 
examining differences between clear and dark covered treatm ents was not a focus 
of this thesis project. Two mini-jet pumps were wired into the reservoir space to 
mix the w ater residing in the reservoir. The tracer delivery Nalgene ® tubing and 
mini-jet pump wires were secured in a W  PVC "standpipe" to protect their passage 
through the sediment in the perfusionator. Four perfusionators were constructed 
for this experiment and subsequently buried so that the perfusionator walls 
protruded minimally from the sediment surface, and there was approximately one- 
half m eter of w ater above the sediment surface at mean low water. Sand from the 
surrounding area was used to fill each perfusionator cell as close to the top of the 
perfusionator wall as possible. All perfusionators and the porew ater well were 
buried on July 30, 2009 [Figure 4], 14 days before the s tart of the experiment, to
allow time for the biogeochemical gradients within the perfusionators to "reset" 
after burial.
Isotopic Tracer Addition
A well, constructed of slotted PVC covered with silt screen, was used to 
extract ambient porew ater from the sediments around the perfusionators. This 
porew ater was pumped on-shore at approximately 60 mL min-1, w here the 
dissolved tracers were metered into the porew ater and subsequently mixed. The 
labeled porew ater was then split into four channels and pumped to each 
perfusionator at approximately 13 mL min L Based on preliminary data from a pilot 
experiment, 14 days was sufficient to label the sediment pools of interest [Hardison 
et al., 2011b}. The experiment performed in 2009 for this study was fifty days long. 
The first tracer addition period was from day 0 to day 14. A second tracer addition 
period was started 12 hours after the previous tracer bag was finished and lasted 
for an additional seven days [i.e., from day 15 to day 22]. Samples were collected 
throughout the duration of the experiment, both within the labeling period and 
following label addition [Table 1).
Isotope Incorporation into Organic and Inorganic Pools
Isotopic tracer was followed during the experiment through a variety of 
inorganic and organic forms to provide information about the different pools of 
carbon and nitrogen within the system. Ambient porewater, tracer entering the 
perfusionators, labeled porew ater and ambient surface w ater were sampled and
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analyzed for dissolved inorganic and organic carbon and nitrogen. Porewater was 
sampled using point samplers: pieces of l / 1 6 th inch I.D. stainless steel tubing, closed 
at one end, with 1 cm-long slits. The push-point samplers were inserted into the 
sediment to a known depth. One-eighth inch Tygon tubing was attached to each 
push-point sampler, and fed through a Masterflex, multi-cartridge peristaltic pump. 
The pump was set to the lowest possible setting that extracted porewater through 
the samplers. Five push-point samplers were randomly placed in each 
perfusionator cell and the sample volumes combined, yielding one composite 
sample. Porewater was filtered, in-line, and collected into sample vials. Sediment 
cores (6.35 cm I.D.) were collected from the perfusionators to track incorporation of 
the stable isotopic tracers into the pools of interest. Total organic carbon (TOC) and 
total nitrogen (TN) concentrations and at% enrichment were analyzed following the 
Hedges and Stem (1984) method using a Costech ECS 4010 CHNSO Analyzer 
(elemental analyzer or EA) (Costec Analytical Technologies, Inc.) that was interfaced 
with a Delta V Advantage Isotope Ratio Mass Spectrometer (IRMS) with the Conflo 
IV Interface (Thermo Electron North America, LLC) to analyze the isotopic 
composition of each sample. Benthic microalgal biomass was estimated using 
sedim ent chlorophyll concentrations (Lorenzen 1967) and using the Ludox density- 
based isolation method (Varela 1986; Blanchard et al. 1988; Blanchard et al. 1990). 
Algae isolated with the Ludox solution were collected on a 0.7 pm GFF filter and 
analyzed for atom % enrichm ent of carbon and nitrogen on the EA-IRMS.
Experimental Conditions
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Physical param eters from local monitoring programs were collected during 
the experiment, including mean air temperature, mean w ater temperature, mean 
wind speed, mean wind direction, salinity, and w ater column chlorophyll a 
concentration. Meteorological data were obtained from the historical data archives 
of Newport News-Williamsburg International Airport using W eather Underground 
[h ttp ://w w w .w underground .com /h is to ry /]. The airport is 7.8 miles south of the 
experimental site. W ater quality data were  obtained from the historical data 
archives of the Virginia Estuarine and Coastal Observing System (VECOS), 
specifically from the Gloucester Point continuous monitoring station [YRK005.40] 
(h t tp : /  / w w w 3. vims. e d u /ve co s / ).
To characterize the energy regime, a Nortek AS Vector acoustic Doppler 
velocimeter [ADV] (Nortek AS, Norway) was deployed near the perfusionators for 
the first 26 days of the experiment to characterize the physical regime and quantify 
average current conditions. This instrum ent also provided information about 
physical "events” throughout the 26 days, such as boat wakes. Additionally, glass 
beads (300-500 pm average size, purchased from Unibrite Corporation, USA) were 
deployed on the first day of the experiment to trace the physical reworking and 
mixing of the sedim ent grains within the perfusionators. Glass beads have been 
used in other studies to determine sediment turnover and mixing (Blair et al. 1996 
and Wheatcroft 1992).
Sediment cores (6.35 cm I.D.) were collected to a depth of 10 cm at 5 time- 
points during the experiment (To, T i 6 , T 2 6 , T 3 5  and T 4 9 )  to follow the mixing of glass 
beads, used as a proxy for physical movement of sediment, over the entire course of
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the experiment. The cores were sectioned into 5 depth intervals: 0-3mm, 3-10mm, 
l-2cm, 2-5cm and 5-10cm. The num ber of glass beads in each section were counted 
and expressed as a percentage of the total glass beads counted in the column [core] 
of sediment.
Perfusionator covers constructed of V2 ” sheets of Lexan or PVC, were secured 
onto an aluminum frame to create a box over 4 of the 8 perfusionator cells. The 
covers were used to “dampen" the natural resuspension and physical conditions at 
the site. Covers were deployed over randomly selected perfusionators on day 14 of 
the experiment. Two of the covers were  constructed of clear Lexan to allow light to 
reach the sedim ent surface and two covers were constructed of opaque grey PVC to 
prevent light from getting to the sediments.
Characterization of the Physical Environment during the Experiment
Acoustic Doppler Velocimeter (ADV) Data
Semi-continuous ADV data were collected for the first 26 days of the 
experiment. The ADV was deployed approximately 10 cm above the surface of the 
sediment, secured on two pieces of metal conduit and oriented at the experimental 
site so tha t the data collected under each direction [i.e. east or north) represented 
true cardinal directions. The ADV was programmed to collect “burs t” data at a 
sampling rate of 4 hertz, which corresponds to sampling 4 times per second for the 
first 4 seconds of each minute. This allowed for maximum duration of data 
collection and most efficient use of battery  power. Data were collected in three 
dimensions: “east" [positive values indicate east, negative values indicate west),
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"north" (positive values indicate north, negative values indicate south) and "up" 
(positive values indicate up towards the w ater surface, negative values indicate 
down to the sediment surface). Since the ADV was oriented parallel to shore, the 
east-west direction captured currents traveling perpendicular to shore and the 
north-south direction represented currents traveling parallel to the shore (i.e., 
longshore currents). The east-west and north-south currents are most likely caused 
by tidal fluctuations and fluctuations in the vertical direction likely represent large 
movements of w ater created by boat wakes.
Glass Bead Counting
Cores were collected from each perfusionator during the experiment and 
sectioned into five horizons as described above. The sections were saved in plastic 
bags and frozen until analysis. One entire glass bead sample, the 0-3mm section 
from perfusionator 7 on To, was counted in a tray under a dissecting microscope. A 
total of 20,647 beads were counted in the sample. After counting, the sample was 
saved, placed into a pre-weighed aluminum weigh dish, and placed in a 60 °C oven 
until the sample was completely dry. Once dry, the sample was weighed, and three 
aliquots were weighed out, each approximately the same weight, in aluminum 
dishes. These aliquots were then counted under the dissecting microscope. The 
mass of the original sample was compared to the mass of each aliquot. The num ber 
of beads in the entire sample was estimated by multiplying by the proportion of the 
mass of the aliquot to the total mass of the sediment sample. Estimates of total 
beads in the sample from this calculation agreed with the total num ber of beads in
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the samples within ±10 p e rcen t  This modified approach was implemented in order 
to complete the samples in a timely manner. Subsequent samples were dried in 
aluminum weigh dishes in a 60°C oven, homogenized and three aliquots were 
weighed out into aluminum weigh dishes. The glass beads in each aliquot were 
counted using a dissecting microscope; a ratio of the mass of the aliquot to the mass 
of the total sample was then used to estimate the total num ber of beads in the 
sample from the num ber of beads counted in the aliquot.
Extracellular Polymeric Substances
At four time steps during the experiment, T4 , T 1 2 , T2 6  and T4 8 , sediment cores 
(6.35 cm I.D.) were collected from a subset of the perfusionator cells, four times 
throughout the day, spanning most of the tidal and light cycle. Samples were 
collected from two perfusionators tha t remained open to the environment for the 
entire experiment and two perfusionators that were covered to "dampen 
resuspension". Since EPS production is thought to be coupled to photosynthesis 
(Underwood et al. 2004], samples were only collected from perfusionators with 
clear plastic covers (5 and 8] and perfusionators that remained open throughout the 
experiment (2 and 4]. Several param eters were used to track the labeled carbon and 
nitrogen in various pools of in terest from the selected perfusionators (2, 4, 5 and 8) 
through the course of the experiment (Table 2]. Extracellular polymeric substances 
(EPS] were extracted from the surface sediments of perfusionator cells 2,4,5 and 8 
on two dates during the experiment ( T 4  and T 2 6 ] .  Four time points were sampled on 
T4  and three time points were sampled on T2 6 -
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EPS Concentration and Composition
EPS Extractions
Sediment cores [6.35 cm I.D.) were collected; the upper 1 cm of sediment 
was sectioned off and approximately 5 grams of sediment were weighed out into 60 
mL glass tubes. Sediment samples were extracted in two sequential steps: a hot 
w ater extraction followed by a hot bicarbonate extraction (Bellinger, 2005). Fifteen 
milliliters of solvent (either DI w ater or 0.1M NaHCOs) were added to each tube.
The tubes were capped and shaken briefly, before being placed in a heating block set 
at 90 °C for one hour. The liquid portion of the sample was carefully pipetted off 
into another clean glass tube and frozen. Each sample was thawed and dialyzed, 
using regenerated cellulose dialysis tubing with a 6,000-8,000 molecular weight 
cutoff (MWCO), against milli-Q in 1 L beakers for 4 hours to remove all of the 
remaining salts. The solutions were then transferred to clean glass containers and 
were lyophilized. The EPS extract was homogenized and an aliquot was removed 
for EA-IRMS analysis, yielding concentration of carbon and nitrogen as well as at% 
enrichm ent of carbon and nitrogen, and the remaining sample was extracted for 
carbohydrate monomer composition analysis.
Carbohydrate Monomer Composition
The rem ainder of the EPS material extracted from the perfusionator 
sediments was further extracted by sonicating the samples in 30 mL of 
dichloromethane: methanol (2:1; v:v)(Medeiros and Simoneit 2007). The samples 
w ere filtered through a GF/F filter (0.7pm) and concentrated using a Turbovap unit.
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The samples were then dried completely under high purity nitrogen and 
resuspended in 500 pL of 2:1 dichloromethane: methanol. Aliquots of these samples 
were dried down and derivatized using N,0-Bis(trimethylsilyl]trifluoroacetamide 
(BSTFA) and pyridine to form trimethylsilyl (TMS) derivatives of the sugars. The 
derivatives were dried under high purity nitrogen and resuspended in hexane prior 
to analysis. All samples were analyzed using an Agilent Technologies 7890A Gas 
Chromatograph-Mass Spectrometer (GC-MS). The GC-MS was run in splitless mode 
with an injector purge pulse of 50 mL mim1 at 0.5 minutes. The tem perature  was 
held at 65°C for 2 minutes, followed by a 10 °C mim1 ramp to 140 °C, a 1.5°C mim1 
ramp to 190°C, a 3°C mim1 ram p to 210°C and finally an 8°C mim1 ramp to 310°C. 
Standards were made from eleven high quality sugars that were acquired from 
Sigma-Aldrich, USA and also run on the GC-MS to quantify and identify the 
compounds within the samples. The carbohydrate standards for this study were 
selected to represent specific function an d /o r  pools present in benthic microalgal 
cells [Cowie and Hedges 1984; Bellinger et al. 2005; Zhou et al. 1998].
Data Analysis
Statistical analyses were performed using R version 2.12.1 ©2010. All 
samples collected from the perfusionator cells were assumed to be independent of 
one another because the combined total area of the samples collected was 31% of 
the total area of the perfusionator cells (3721 cm2). The lack of replicates, and 
therefore lack of power, in this experiment did not allow for transformation of the 
data. Four samples were taken from each perfusionator cell for the EPS response
variables on T4  [n=4], and three samples were taken from each perfusionator cell 
for the EPS response variables on T2 6  [n=3). Comparisons were made between open 
[n=2] and covered (n=2) perfusionators for EPS response variables. However, 
comparisons between open and covered perfusionators for bulk sediment response 
variables included a larger num ber of replicates [n=4 for open and n=4 for covered]. 
Regression analysis was used to explore relationships between the enrichments of 
bulk sediment TOC and Ludox-extracted samples. One-way and two-way analysis of 
variance [ANOVA] were used to evaluate EPS response variables in the open versus 
covered perfusionators and to determine differences between the hot w ater and hot 
bicarbonate extracted fractions. Repeated measures ANOVA was used to determine 
w hether the covers influenced bulk sedim ent parameters. The data were deemed 
significant when p < 0.05.
RESULTS 
Experimental Conditions
Average air tem peratures ranged from 24 °C at the s tart of the experiment to 
19°C at the end of the experiment [Figure 5). Air tem perature  during the label 
addition period [To to T2 1 ] was 25.8 ± 0.4°C. The average w ater tem perature  ranged 
from 27 °C at the start of the experiment to 22 °C at the end of the experiment, and 
averaged 27.9 ± 0.2 °C during the labeling period. For most of the experiment, the 
salinity ranged between 19 and 21, however a sharp decline in salinity occurred on 
T2 2 , resulting in a change of salinity from 21.2 ± 0.1 on T2 2  to 19.8 ± 0.2 on T2 4 . The 
average wind speed for the length of the experiment was 8.0 ± 0.4 knots, which is
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considered a gentle breeze on the Beaufort Wind Force Scale. Average daily wind 
direction was also plotted for each experimental day (Figure 6) (Weather 
Underground Archives: h ttp ://w w w .w underground .com /h is to ry /). Sustained 
strong breeze conditions (>20 knots) were experienced on several days during the 
experiment: T1 9 , T2 5 , T2 7 , T2 8 , T4 2 , and T4 3 . Water column chlorophyll a and sediment 
chlorophyll a concentrations were also monitored over the course of the experiment 
(Figure 7). Water column chlorophyll a concentrations peaked at T 1 4  at 107 pg L'1 
during a harmful algal bloom (Cochlodinium polykrikoides; pers. com. Dr. K. Reece). 
Sediment chlorophyll ranged from 43 to 4 mg mr2 (mean= 16 ± 3 mg n r 2). Sediment 
chlorophyll a concentrations decreased following the w ater column bloom and 
remained lower than average (46 ± 5 mg n r 2: average for 2008 pilot experiment) for 
the rem ainder of the experiment.
Bulk Sediment Characterization
The bulk density of the sedim ent at the study site was 1.8 (± 0.5; standard 
error of the mean (SE)) g sed (DW) mL’1 (averaged for top 10 cm of sediment) and 
the sediment was, on average, 0.4 (SE=0.1) % organic matter. Sediments at the 
study site were 98% sand and grain size ranged from 180 pm to 2 mm (average 
grain size = 400 pm). Porewater DIC concentrations prior to the beginning of the 
experiment ranged from 2.9 to 9.2 mM and DOC concentrations ranged from 260 to 
1400 pM. Porewater DIN concentrations prior to the start of the experiment ranged 
from 50 to 140 pM NH4 + and N0X' concentrations were < 1 pM. The porewater
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background enrichment for NH4 + was 0.388 [SE=0.0014) atom percent 15N [—59 per 
mil 15N].
The atom% enrichments of porew ater NH4 + varied across the perfusionators 
suggesting that delivery of label was heterogenous [Figure 8]. Perfusionators 1 and 
2 showed little enrichment throughout the experiment and perfusionators 7 and 8 
had low levels of enrichment on all sample dates except T2 2 . Differences in the 
delivery of isotopic label to the difference perfusionators likely contributed to the 
high levels of variability observed across many of the response variables. Dissolved 
inorganic carbon [ D I C )  concentrations were also measured throughout the 
experiment, however, enrichment values of H C O 3 '  have not yet been analyzed. 
Appendix 1 contains concentration data for porew ater NFDh NOx', D I C  and D O C .
The initial sediment TOC and TN content for the 0-3 mm horizon of all of the 
perfusionators were 0.094 ± 0.0099 % and 0.012 ± 0.001 %, respectively. The 
average sediment TOC and TN for the surface sediments [0-3mm) varied within 
open and covered perfusionator cells, bu t no significant differences were detected 
between open versus covered perfusionator cells or for any perfusionator cells over 
time [Table 3). Baseline, or natural abundance, S 13C t o c  was -21.2 ± 0.2 per mil and 
background 6 15N t n  was 14.4 ± 0.4 per mil. Over the course of the experiment, the 
bulk sediment TOC enrichment reached a maximum value of 33 ± 47 per mil in the 
open perfusionator cells and 60 ± 30 per mil in the covered perfusionator cells 
[Figure 9a). Bulk sediment TN enrichment [515N] reached a maximum value of 1200 
[SE=560] per mil in the open perfusionator cells and 1700 [SE=600] per mil in the 
covered perfusionator cells [Figure 9b). Although differences between the isotope
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enrichments for the open and covered perfusionators were not statistically 
significant, there was a trend towards higher enrichment in the covered 
perfusionator cells [Figure 9].
Background levels of b13C in the Ludox-extracted surface sediment (0-3mm] 
averaged -23.6 ± 0.26 per mil. On average, 13C enrichment of the Ludox-extracted 
surface sedim ent [0 to 3mm] from the open perfusionator cells increased to 20 ± 40 
per mil at T 7 ,  peaked at 60 ± 60 per mil at T 1 9  and returned to baseline enrichments 
following the end of the labeling period [Figure 10a]. Background levels of 15N  in the 
Ludox-extracted surface sediment [0 to 3mm] averaged 15 ± 3 per mil. Nitrogen 
enrichment of the Ludox-extracted surface sediment from the open perfusionator 
cells increased to 500 ± 400 per mil at T 7 ,  peaked at 1100 ± 400 per mil at T 1 4  w here 
the enrichment plateaued until approximately T 2 2  and then slowly dropped back 
towards baseline values (Figure 10b]. A strong positive relationship was observed 
between S13C t o c  and 613C Ludox (r2 =0.7702; p=2.2 e-16], suggesting tha t up to 77% of 
b13C t o c  could be explained by the isotopically labeled microalgae (i.e. S13C Ludox ]. 
Similarly, 5 15N t n  was positively related to 515NLUdox (r2 =0.6718; p=1.129 e-14].
There were no significant differences between the perfusionators left open to the 
physical environment or the perfusionators tha t were covered on T 1 4 ,  and when 
data were analyzed averaging all eight perfusionators together, the trends and 
therefore conclusions remained the same (Figure 20].
ADV Data
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The ADV recorded burs t data until 11:24 am on T2 6  (September 9, 2009} 
(Figure 11]. The ADV prong containing the up-down sensor was exposed during 
astronomical low tides for several days at the beginning of the experiment 
(approximately T5 through T6], seen as "anomalous" events on the up-down portion 
of Figure 11. The ADV captured other anomalous events in the east-west, north- 
south and up-down directions, most likely corresponding to large boat wakes 
(especially when the anomalous events were captured by each directional prong).
In order to relate the sampling of EPS to the real-time physical environment, as 
characterized by the ADV, 24-hour subsamples of the ADV record were plotted to 
examine possible differences between the two sampling days (Figures 12 and 13). 
On T4 , the ADV recorded anomalous activity in the east-west, north-south and up- 
down directions around approximately 7:00 am (Figure 12). Several events were 
also recorded in the east-west direction around noon. On T2 6 , no anomalous events 
w ere recorded over the 11-hour record; however, there may have been other events 
after 11:24am (Figure 13).
Glass Bead Data
At To, 64 ± 13 % of the glass beads in the sediment column were in the 0-3 
mm section for all perfusionator cells (Figure 14). After To, the highest proportion 
of glass beads within the sedim ent column moved deeper, suggesting mixing; but 
not all perfusionator cells showed the same pattern (Figure 14). When comparing 
the am ount of beads counted in the entire sediment column (0-100mm) from To to 
T 4 9 ,  several perfusionators had low "recoveries" of glass beads, meaning the total
beads counted on T4 9  was smaller than the total beads counted on To. This suggests 
loss of the beads from the perfusionators over time. The recoveries ranged from 3% 
in perfusionator cell 7 to complete recovery (100%) in perfusionator cell 8. The 
relative proportion of beads mixed below 2 centimeters depth and below 5 
centimeters depth increased during the experiment, consistent with increased 
sedim ent mixing over time (Figure 15). There were no detectable differences in the 
proportion of glass beads mixed into the sediments for open vs. closed 
perfusionators, however there  was a trend  towards greater mixing of the sediment 
column in the open perfusionators. This suggests that sediments in all 
perfusionators were influenced by physical mixing, bioturbation and resuspension 
similarly, which is not surprising since all perfusionators were open during the 
initial phase of the experiment.
TOC, TN, 5 13C t o c  and 5 15N t n  were measured for all of the "downcore” sections 
where glass beads were counted. The average %TOC on To was 0.057 ± 0.005 and 
the %TN was 0.0068 ± 0.0008 for the upper 10 cm of the sediment column. A 
common feature across the downcore profiles of TOC and TN for all perfusionator 
cells was a trend towards higher %TOC and %TN in the surface sediments (0-3 mm) 
and decreased %TOC and %TN in the deeper sediment horizons (Appendix 2). An 
increase in the surface sediment enrichment was seen early in the experiment, 
followed by transfer of this enriched OM to depth as the experiment progressed; 
movement of enriched material to depth seemed to occur even after the label had 
been shut off (Figure 16). Significant decreases in the enrichment of the 0-3 mm, 3- 
10 mm and 10-20 mm sediment horizons were observed over time from day 16 to
27
the end of the experiment (one-way, repeated measures ANOVA: df=l, F= 16.6831, 
p=0.015; df=l, F= 51.4905, p=0.002; and df=l, F=19.1195, p=0.012 respectively].
No significant differences were observed in the TOC enrichm ent of any sediment 
horizons between open versus covered perfusionator cells. Due to the low nitrogen 
content of the sedim ent below 1  cm, the 6 15N t n  values were not reliable and likely 
reflect 1 5 NH4 + sorbed directly from the tracer addition.
EPS Content and Composition
On average, the mass of HB-EPS (30 ± 15 mg g_1 w et sediment) was higher 
than the mass of HW-EPS (1.1 ± 0.2 mg g_1 sediment; Figure 17) on T4 . (two-way 
ANOVA: df=l, F= 8.9127, p=0.0245). However, the HW-EPS pool was more enriched 
in 13C than the HB-EPS pool (3 ± 5 per mil vs -12 ± 2 per mil; Table 4) (two-way 
ANOVA: df=l, F=7.7327, p=0.032) and the carbohydrate content of the HW-EPS (5 ± 
2 mg g_1 of EPS) was higher than for HB-EPS (0.02 ± 0.02 mg carbohydrate g ' 1 EPS; 
Table 6 ) (two-way ANOVA: df=l, F= 6.024, p=0.0495). Carbohydrates extracted 
from the HW-EPS on T4  consisted of two monomers: glucose and galactose (Figure 
18a). In contrast, the am ount and composition of the HB-extracted carbohydrates 
was more variable across the four perfusionators cells. Perfusionators 4 and 8 were 
the only cells with measureable (i.e., above detection) concentrations of freely 
extractable carbohydrates. In addition to glucose and galactose, several sugars were 
detectable in these samples, including arabinose, fucose, ribose, rhamnose and 
glucose (Figure 18b).
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Similar to T4 , HB-EPS was more abundant than HW-EPS (2.9 ± 0.5 mg g ' 1 wet 
sedim ent vs. 0.96 ± 0.08 mg g ' 1 w et sediment) at T2 6 , (two-way ANOVA: df=l, 
F=11.0041, p=0.0295) (Figure 17). Open and covered perfusionators had similar 
concentrations of both pools of EPS. The average 513C of the HW EPS was 
significantly higher (two-way ANOVA: df=l, F=13.7496, p=0.027) than the average 
S13C of the HB-EPS (16 ± 3 per mil vs. 1.8 ± 0.6 per mil; Table 4). The total 
carbohydrate content of the HW-EPS was, on average, 21 ± 4 mg g_1 EPS while the 
total carbohydrate content of the HB-EPS was 4.5 ± 0.8 mg g_1 EPS (Table 6 ). The 
carbohydrate composition of the extracted EPS samples on T2 6  was more diverse 
than the extracted samples from T4 and most samples contained arabinose, fucose, 
ribose, rhamnose, galactose, xylose, mannose and glucose (Figure 19).
The means of total carbohydrate per gram of EPS were similar between the 
open and covered perfusionator cells on T2 6 . Since perfusionator cells 5 and 8  were 
not covered until Ti4 ,open and covered perfusionator cells could not be compared 
between T4  and T2 6 - However, differences from T4  and T2 6 , were explored for the 
perfusionator cells tha t remained open throughout the duration of the experiment. 
The isotopic enrichment of the HW-EPS and HB-EPS pools extracts differed from T4  
to T2 6 ; the HW-EPS was more enriched on T4  than on T2 6  (one-way, repeated 
measures ANOVA: df=l, F=9.5752, p=0.0148), HB-EPS showed a slight trend 
towards increased enrichment on T2 6  when compared to T4 . The carbohydrate 
concentration of the EPS (mg carbohydrate g_1 EPS) was higher on T2 6  than on T4  
(one-way, repeated measures ANOVA: df=l, F=32.867, p=0.0004), however, there 
was a significant interaction term  between the HW and HB extracts (Appendix 10)
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and time in this ANOVA, indicating tha t the carbohydrate concentration of EPS 
changed in different ways across the two dates .
The average relative abundance of fucose and xylose in the samples from 
open perfusionator cells was significantly higher on T2 6  than T4  (one-way, repeated 
measures ANOVA: df=l, F=16.8103, p=0.0015 and df=l, F=5.0074, p=0.0450, 
respectively). However, the mean %fucose and %xylose in the samples collected 
from the open and covered perfusionator cells on T2 6  were similar (p>0.05). The 
combination of sugars typically associated with HB-EPS (i.e., rhamnose, galactose, 
xylose and fucose; Bellinger et al. 2005) showed a slight increasing trend on T2 6  than 
on T4  in the open perfusionators. On average, the most common carbohydrate 
monomer in all samples was glucose.
Since glucose is such an abundant carbohydrate, it can obscure information 
about carbohydrate sources (Cowie and Hedges 1984). To avoid this, biplots were 
constructed comparing galactose (a "storage-indicating" carbohydrate) with xylose 
(a "structural" carbohydrate), on a glucose-free basis (Appendix 11). HW-EPS and 
HB-EPS samples were similar in composition and ranged from 14.7 to 74.0 % 
galactose (glucose-free) and 4.8 to 10.1 % xylose (glucose-free). One interesting 
finding was tha t samples were, on average, void of structural carbohydrates on T 4 ,  
except for one sample from perfusionator 4, which had 26% xylose (glucose-free). 
The HB-EPS showed a slight trend towards lower % galactose than the HW-EPS 
samples, however all samples contained similar % xylose. HB-EPS showed a slight 
trend towards more structural carbohydrates (i.e. xylose) when lower amounts of 
storage carbohydrates (i.e. galactose) were detectable in the same sample
30
(Appendix 8). Cowie and Hedges [1984] used %(ribose + fucose] to examine 
bacterial sources (>30% ribose+fucose] versus algal sources (<30% ribose + fucose). 
HW-EPS was, on average, 38.6 ± 3.7 %(xylose +ribose) and HB-EPS was on average 
41.8 ± 4.2 %(xylose + ribose). On average, the-HW and HB-EPS samples on T2 6  were 
all >30%, indicating a strong bacterial contribution to the carbohydrate composition 
(Cowie and Hedges 1984).
DISCUSSION 
Isotope Labeling Studies
Several studies have followed carbon and nitrogen using stable isotopic 
tracers, but these studies have generally used chambers, cores or mesocosms, which 
have the potential for artifacts and may not fully capture real-world biological and 
physical conditions. Most of these studies have not specifically examined the 
incorporation of isotopic label into EPS. In a field study, Evrard et al. (2008) were 
able to elucidate pathways of carbon and nitrogen in a subtidal sandy environment 
within the photic zone. Although they did not directly quantify EPS, they assumed 
tha t 62 to 77% of the carbon fixed during their experiment was EPS. In a mesocosm 
experiment, Hardison et al. (2011a) were able to show transfer of 13C label from the 
benthic microalgae to the bacterial community using fatty acid and amino acid 
biomarker compounds, and speculated that the mechanism of transfer was through 
EPS produced and exuded by the benthic microalgae. Bellinger and colleagues 
(2009) demonstrated 13C enrichm ent of EPS in a short experiment (48 hours).
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Enrichment of EPS peaked at 4 hours after the s tart of their in situ  pulse-chase 
labeling experiment on an intertidal diatomaceous mat, and 13C label remained in 
several organic pools after 48 hours. Another labeling study utilizing 13C looked at 
the carbon transfer from the carbohydrates to microphytobenthos, bacteria and 
detritus (Oakes et al. 2010). During this study, the experimental site was labeled 
for 24 hours and the 13C label was traced through different carbon pools. These 
authors observed an increased 13C label transferred to the bacterial community, 
assumed to be through the exuded carbohydrates because of their lability. None of 
these studies continuously added label to the sediments under in situ conditions, or 
added label to the site for several weeks. In only one case (Oakes et al. 2010), 
experiments focused on subtidal benthic microalgal or microphytobenthic 
communities, bu t the sediments studied had higher mud and organic content than 
the sediments in this study. Additionally, the present study used a num ber of tools 
to characterize the physical regime (i.e., ADV, glass beads, w ater quality and 
meteorological records) thereby allowing the opportunity to test for the effects of 
physical processes on the EPS produced by benthic microalgae.
In situ Benthic Microalgal Study
In a preliminary field-based perfusionator study, 5 13C t o c  increased 
throughout the label addition period, reaching a maximum of 38.9±22%o by day 12 
and decreased during the post-labeling period to -9.75±1.4%o on day 19 and 
persisted through day 42 when the experiment ended (Hardison et al., 2011b). We 
observed similar patterns of 13C t o c  enrichment in the surface sediments ( 0 - 3  mm)
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but the levels of enrichment were more variable across perfusionators and the 
enrichment did not persist (Figure 9]. One major difference between our 
experiment and the previous pilot experiment was tha t the perfusionators remained 
open during the labeling period. This likely contributed to both lower enrichments 
as well as greater variability.
13C label was incorporated into the benthic microalgal biomass as evidenced 
through an increase in enrichment of TOC in surface sediments (0-3mm) as well as 
enrichment of the Ludox-extracted surface sediments (0-3mm) (Figures 9 and 10]. 
The positive linear relationship between the Ludox-extracted sediment 513C and the 
bulk surface sedim ent 513C suggests tha t much of the carbon in the surface sediment 
was associated with, or fixed by the benthic microalgae that were isolated through 
the Ludox extraction. Enrichment of the different EPS fractions extracted from the 
surface sediments also supports the conclusion that the benthic microalgae used the 
13C-labeled bicarbonate from the perfused porewaters.
13C and 15N enrichments of TOC and TN in the surface sediments were highly 
variable during the experiment consistent with the dynamic regime at the study site 
(Figure 9). The grain size (medium to coarse sand) at the experimental site is 
consistent with the energetic conditions we observed. Diatoms at our site were not 
mat-forming, or epipelic species, but ra ther episammic species that secure 
themselves to the sediment grains for support (de Jonge 1985 in Masini and 
McComb 2001). Given the am ount of energy in the system, which results in 
saltation of sediment grains, one would expect the benthic microalgal community to 
show considerable variation. In addition to variability caused by the physical
33
regime, delivery of isotope within each perfusionator was highly variable (Figure 8 ]. 
Although all of the tubing to the perfusionators was cut to the same length, and the 
flow rates of the amended porew ater were measured daily throughout the 
experiment, perfusionator cells 1  and 2  received less tracer relative to the other 
perfusionator cells. This is visible in the enrichment of the 1 5 NFU+ delivery to 
perfusionator cells 1  and 2 , measured through porewater samplings throughout the 
experiment (Figure 8 ]. Differences in the am ount of isotopic label delivered to all 
perfusionator cells likely account for a large amount of the variation seen in the bulk 
sedim ent enrichment, Ludox-extracted sedim ent enrichment, and also the EPS 
enrichment.
In addition to factors contributing to variation during this experiment, there 
were differences in the responses relative to those observed during the 2008 pilot 
study (Hardison et al., 2011b]. Overall, sediment chlorophyll concentrations were 
lower in 2009 (16 ± 3 mg m*2) than in 2008 (46 ± 5 mg n r 2). One factor contributing 
to the lower sediment chlorophyll a in 2009 is that the perfusionators remained 
open during the labeling period. This exposed the sediments to greater physical 
reworking during the labeling phase of the experiment and may have contributed to 
lower production as well as lower retention of the isotopic label. A second factor 
tha t may have contributed to the lower sediment chlorophyll in 2009 was the 
occurrence of a harmful algal bloom (Cochlodinium polykrikoides; pers. com Dr. K. 
Reece) tha t peaked on T 1 4 . Following the peak in w ater column chlorophyll a ( l lO pg  
L'1), sedim ent chlorophyll a concentrations decreased sharply and did not rebound 
for the duration of the experiment (Figure 7). Subsequent harmful algal blooms
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(Alexandrium monilatum) occurred on September 2, 2009 (T2 1 ) and again on 
September 21, 2009 (T3 9 ). These two blooms did not show as strong of a signal in 
the w ater column chlorophyll a concentrations (Figure 7], but may have 
complicated the rebound of the benthic microalgal community and produced the 
stronger bacterial signatures (% ribose] seen on T2 6  through remineralization of the 
dying blooms. The blooms during this experiment may have also further attenuated 
the light reaching the sediment surface, contributing to lower benthic microalgal 
biomass as seen in the lower sedim ent chlorophyll a values.
Meteorological conditions during the 2009 experiment may also have 
influenced the benthic microalgal community. Across the 50 days of the experiment, 
rain was recorded on 41 of the experiment days. The w ater tem perature  also 
dropped 7°C over the 50 day period (Figure 5], possibly preventing the benthic 
microalgae from rebounding after the harmful algal bloom.
Large variation is expected for experiments performed in situ due to the 
uncontrollable nature of the environment as well as the more complex physical and 
biological forcings. Despite these challenges, we were able to label the organic pools 
of interest using the perfusionator. However, the overall amount of label 
incorporated into the sediment pools was highly variable and much of the label was 
mixed below the surface as indicated by both 13Ctoc profiles (Figure 16) and changes 
in the distribution of the glass beads during the experiment (Figures 14 and 15). 
While Hardison et al. (2011b) documented retention of the 13C label in the surface 
sediments through day 4 2 ,13C enrichment of TOC and ludox returned to baseline 
levels soon after the label was turned off during this experiment. However, 13C label
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was retained at depth in the sediments during the later stages of the experiment 
(Figure 16)
EPS Extraction and Enrichment
Extraction methods for isolating EPS from sediments or diatomaceous mats 
include water, hot water, hot bicarbonate, hot base, acid and EDTA solutions 
(Underwood et al. 1995; Smith and Underwood 2000; Bellinger et al. 2005). Each 
solvent is thought to isolate different pools of EPS; however, since one set of 
solvents has not been made universal, comparisons between studies using different 
extraction protocols are difficult. This study used an extraction protocol similar to 
Bellinger et al. (2005), utilizing a hot w ater extraction to remove intracellular 
material (Chiovitti et al. 2004) followed by a hot bicarbonate extraction to obtain 
the EPS attached to, or tightly-associated with, the cells, cell walls or frustules of the 
diatoms. The mass of EPS material extracted in this study does not include the 
colloidal pool of EPS extracted and quantified in Bellinger et al. (2005).
Total carbohydrate concentrations in this study (Table 5) were almost one 
order of magnitude lower than for the diatomaceous mat analyzed by Bellinger et al. 
(2005). Since BMA at this York River study site are not mat-forming, it is reasonable 
to expect the am ount of EPS produced to be much smaller than the BMA living on an 
intertidal estuarine mudflat. The mass of HW-EPS extracted at this site ranged 
between 1.2 and 19.5% carbon on T4  and 8.1% carbon on T2 6  (Appendix 9). The 
mass of HB-EPS extracted was at most 9.5% carbon on T4  and 3.3% carbon on T2 6  
(Appendix 9). This suggests tha t the material extracted using this protocol likely
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included material other than EPS. One possibility is tha t the extractions included 
silica, either as diatom frustules, or other mineral form. Since a portion of the 
extracted material was not organic carbon, the total carbohydrate and carbohydrate 
m onomer information may provide more reliable information about the EPS pools.
Particular monosaccharides can indicate the presence of different classes of 
microbes. Fucose, for example, is enriched in diatoms (Ittekkot et al. 1984) and the 
combination of %(fucose + ribose) can distinguish between bacterial (>30%) and 
microalgal (<30%) sources (Cowie and Hedges 1984). All of the T2 6  samples 
contained >30% (fucose + ribose), on a glucose-free basis, indicating tha t the 
carbohydrates in the samples were partially of bacterial origin. HW and HB-EPS 
samples showed similar composition of structural carbohydrate (%xylose), storage 
carbohydrate (%galactose or % glucose) and bacterial contributions (%ribose) 
indicating that these pools are closely linked in space and time. Bellinger and 
colleagues (2005) showed an increase in certain sugars (rhamnose, galactose, 
xylose and fucose) in the hot bicarbonate-extracted sediments in their experiments. 
The same study extracted carbohydrates from stalk-forming microalgae grown in 
unialgal cultures, which showed enrichments in xylose, indicating its use as a 
"structural" building block. The percent of xylose of the total sugars was 
significantly higher on T2 6  than on T4 , despite the fact that sedim ent mass 
normalized sugar was much lower on T2 6 - Zhou and colleagues (1998) showed an 
increase in the surface reactivity of marine transparen t exopolymers through 
increases in the percent abundance of rhamnose and fucose. These reactive 
monomers were higher on T 2 6  than on T 4 ,  suggesting that the benthic microalgae
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either produced more structural EPS on T2 6  or EPS with more reactive sites on the 
EPS to bind or attach to the sediment grains.
The highest isotopic enrichment of the HW and HB-EPS pools occurred at 
different times along the course of the experiment, most likely driven by differences 
in their function and mechanisms of production. On T4 , the HW-EPS was more 
enriched than the HB-EPS (p=0.0319). The EPS extracted by hot w ater is thought to 
contain a substantial proportion of intracellular materials that are direct products of 
photosynthesis [Underwood et al 2004). The dominance of glucose in this pool and 
the absence of structural carbohydrates such as xylose, are consistent with this 
function. The tight coupling of the production of HW extractable EPS to 
photosynthesis is substantiated through enrichment of the HW-EPS pool before the 
HB-EPS pool since HB-EPS is not directly connected to the photosynthetic pathway 
[Taylor et al. 1999, Underwood et al. 2004).
Physical and Biological Effects on EPS Production
Benthic microalgae are subject to an array of physical effects because they 
reside at the sedim ent-water interface. By covering half of the perfusionator cells, 
this study aimed to dampen the physical environment and examine the influence on 
the benthic microalgae and the production of EPS. On both days sampled, T4  and T2 6 , 
there was significantly more HB extractable EPS than HW extractable EPS [p=0.02 
and 0.0373, respectively). This could reflect the general energy regime at the site or 
other factors.
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Glass beads that were initially deployed at the surface of the sediment were 
mixed to depth over the course of the experiment. The beads in the open 
perfusionator cells were mixed further into the sediment column [51 ± 24% below 5 
cm depth] than the glass beads deployed in the covered perfusionator cells (27 ± 
24% below 5 cm depth] by the end of the experiment (Figure 15]. This trend for 
mixing material initially at the sedim ent surface to depth is also displayed in the 
5 13C t o c  enrichment of the same sediment horizons sampled for counting glass beads 
(Figure 16], however, since more 13C-containing carbon was fixed in the covered 
perfusionator cells, more label was available to be mixed to depth. If carbon was 
being fixed by chemoautotrophic bacteria within the sediments at this site, more 
label should have been seen in the TOC fraction at depth in the initial sampling 
times, but even as far as two weeks into the labeling period, 5 1 3 C t o c  in the open 
perfusionator cells was close to natural abundance levels in the deeper sediment 
horizons.
The ADV data allowed for examination of short-term changes in w ater 
column conditions, such as changes in the speed and direction of currents. The 
orientation of the ADV deployment in this study was able to capture the tidally 
an d /o r  wind-driven on/off-shore currents (east-west direction], longshore current 
(north-south direction] and wave/wake-driven up and down movements of the 
w ater column. The east-west currents were generally similar on T4  and T2 6  (Figures 
12 and 13]. Modest changes in current direction and speed likely reflect small boat 
traffic, such as the crab boats that frequent the York river shoals during the time of 
year when the experiment occurred. The longshore current speed and direction
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look similar on T4  and T2 6 , and the curren t speed increases towards the south on a 
falling tide, and increases towards the north on a rising tide (Figures 12 and 13].
The speeds of these tidally driven currents are, on average, not strong enough to 
saltate the sand grains at this site. The event captured in all directions on T4 ,
(Figure 12 approximately 7:00am) is most likely indicative of a larger vessel's boat 
wake. The wave heights produced by these boat wakes can be almost 0.75m, which 
could easily produce bottom orbital velocities strong enough to move the sand 
grains around. Overall, the physical regime seemed similar across the two dates 
suggesting tha t other factors contributed to the differences in EPS and carbohydrate 
composition.
In addition to potential differences in the physical regime on T4  and T2 6 , 
o ther factors may explain differences in the EPS pools. For example, sediment 
chlorophyll a, a measure of microalgal biomass, differed across the two days. In 
o rder to resolve w hether the currents were driving the differences in EPS mass, EPS 
was normalized to sedim ent chlorophyll a. On T4 , the amount of EPS normalized to 
the sedim ent chlorophyll a was highly variable across the four perfusionator cells, 
averaging 0.3± 0.2 g EPS (mg n r 2)-1 (Table 6). On T2 6 , the mass of EPS normalized to 
the sedim ent chlorophyll a was less variable in all of the perfusionator cells, 
averaging 0.06 ± 0.01 g EPS (mg n r 2)-1 (Table 6). Similarities in the chlorophyll- 
normalized EPS concentrations across both dates (p>0.05), suggest that differences 
in EPS production may reflect the am ount of algal biomass ra ther than BMA 
responses to changes in the physical environment.
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Concentrations of sediment chi a decreased following the harmful algal 
bloom and remained low for the rem ainder of the experim ent At the same time, 
phaeopigments, biomarkers for degraded algal biomass, increased over the course 
of the experiment [Figure 7]. Additionally, the composition of the carbohydrates 
suggests sources other than microalgae, including contributions from bacteria. 
Together, this information suggests that differences in EPS may be due to material 
deposited from the harmful algal bloom rather than benthic microalgae responses to 
changes in physical energy.
Future Work
Physical and meteorological conditions during the experiment may have 
played an im portant role in the EPS mass and composition at the experimental site. 
For example, from T2 0  to T3 1 , Gloucester Point experienced rain, foggy conditions, or 
a combination of both each day. Reduced sunlight to the benthos and increased 
wind during that time period may have influenced the production of HB EPS. Low 
light, increased wind and wave action and post-HAB conditions combined to reduce 
the benthic microalgal biomass, as seen in the sedim ent chlorophyll a 
concentrations. Although the covers contributed to differences in the enrichment of 
the surface sediments and distribution of glass beads, and therefore sediment 
mixing rates, between the treatments, significant differences were not observed 
between open and covered perfusionator cells with regards to any of the EPS 
response variables. Increased replication or sampling at more frequent time-points 
may have reduced the variation between the samples or provided additional power
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to detect differences. Perfusionator cells 5-8 also experienced 2 treatments, the 
open trea tm ent until T 1 4 , and the covered treatm ent after T 1 4 . If they had remained 
covered for the duration of the experiment, the benthic microalgal community, that 
had ample biomass at the beginning of the experiment, may have produced different 
amounts of EPS with different carbohydrate composition in response to the 
dampening of the physical environment from To to T1 4 .
Since the EPS extractions may have isolated more than EPS (e.g., silica or 
o ther minerals], the carbohydrate information proved valuable. A follow-up study 
where individual carbohydrates are analyzed by compound-specific isotopic 
analysis may provide greater sensitivity and additional insights about the sources, 
fate and function of EPS. Given the physical regime, the experiment may have 
provided more definitive results if the perfusionators remained closed during the 
entire labeling period, as was done during the 2008 pilot experiment.
Future w ork may also include additional classes of biomarkers. 
Phospholipid-linked fatty acids [PLFAs] are commonly used as biomarkers for algae, 
bacteria and terrestrial sources to sediment organic m atter (Canuel et al. 1995, 
Boschker and Middleburg 2002, Boschker et al. 2005}. PLFA analysis of the 
sedim ent samples in this experiment may have been able to detect changes in algal 
and bacterial contributions to the sediment organic matter, further elucidating and 




The perfusionator apparatus was successfully deployed and utilized to label 
the organic carbon pools of in terest at the surface of the sediment. This study was 
able to trace the incorporation of labeled carbon through the bulk pools and EPS 
successfully but the large am ount of variability made it difficult to detect robust 
patterns or attribute patterns to specific mechanisms. The combined effects of low 
benthic microalgal biomass, changes in sunlight and wind conditions during the 
experiment, variability in the delivery of isotope label to the different perfusionators, 
and differences in physical energy (e.g., boat traffic), as seen in the ADV records, 
contributed to the differences in the am ount of EPS and the compositional 
differences seen between T4  and T2 6 - While this study was unable to separate the 
effects of these processes on EPS production and function, it provided a detailed 
look at the complicated physical param eters that influence benthic microalgae in the 
natural environment. The bulk sediment, benthic microalgal (Ludox) and EPS pools 
all showed enrichment over the duration of the labeling period. The temporal 
variability in the enrichment of the HW-EPS and HB-EPS pools corroborated their 
functions. The EPS concentrations alone were unable to show variations in the 
system, specifically due to source inputs but the carbohydrate compositional 
information provided valuable insights about the changing source inputs to the 
carbohydrates in the sediments over the duration of this experiment. Overall, this in 
situ experiment provided a snapshot of the variability and complexity of these 
shallow systems, and substantiates the need to better understand the dynamics of 
carbon flow mediated by benthic microalgae. Future studies should follow-up on
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some of the processes this study suggested may be im portant either through more 
controlled laboratory studies or field studies that incorporate greater replication.
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Figure 1. Conceptual diagram  depicting the cycling of nu trien ts in shallow aquatic 
system s w ith and w ithout a benthic microalgal assemblage. BMA are tightly coupled 
to sedim ent bacterial communities, reducing the efflux of nu trien ts to the pelagic 
environm ent and acting as a negative feedback on eutrophication.
5 2




B enthic Micro a lgae 
P roduc t ion
\  \  /  /  W / /
\ \ v  X /
Bacterial R em ineralization
: v V i v ,
Bacteria! R em ineralization
5 3
Figure 2. Map of the Chesapeake Bay and its tributaries, showing a magnified view 
of the southern  pa rt of the Middle Peninsula and Gloucester Point, VA. The 




Figure 3. Schematic illustrating the perfusionator and its m ajor features. The 
upper figure provides a side-on view  looking a t the perfusionator's longest side, and 
the low er figure provides a bird 's-eye view, looking down into the perfusionator and 
the reservoir. The dim ensions of the perfusionator are 122 cm long, 61 cm deep and 
27 cm tall.
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Figure 4. Diagram showing the array  of experim ental perfusionators a t the 
experim ental site. View of perfusionator burial from bird 's eye view [A]. The 
am ended tracer lines reach each standpipe of the perfusionator containing two 
perfusionator cells: both cells receive the same reservoir w ater. The tracer lines and 
electrical lines w ere secured in a large PVC pipe to prevent damage. View of 
perfusionator burial in reference to the sedim ent surface a t the experim ental site 
(B). All perfusionators w ere buried so th a t the walls w ere even w ith the 
surrounding sedim ent surface. The porew ater well was buried 20cm below the 
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Figure 5. Average daily values for physical param eters over the duration of the 
experim ent. Air tem peratu re  and wind speed data came from W eather Underground 
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Figure 6. Average daily wind direction from the N ewport News International 
A irport (PHF) located 7.8 miles south of the experim ental site a t Gloucester Point, 














Average Daily Wind Direction
350 -











0  J  North
o
o o
I---------- 1---------- 1---------- 1













Figure 7. Concentrations of w ater column chlorophyll a (pg L'1], sedim ent 
chlorophyll a (mg n r 2], and phaeophytin (mg n r 2] during the experim ent. W ater 
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Figure 8. 15NH4 + enrichm ent of the porew ater sam ples taken throughout the 
experim ent indicating the tracer delivery to each perfusionator, each point 
represen ts a com posite of 5 push-point sam plers. These data suggest tha t tracer 
delivery varied across the perfusionators.
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Figure 11. ADV record of curren t speeds (m s '1) and depth (m, w ith respect to the 
ADV's height above the sedim ent surface] from August 13, 2009 through Septem ber 
8, 2009. A: East-west directions or the on-shore current, B: north-south directions 
or the long-shore current, C: up-dow n directions or m ovem ent of the w ater column 
and D: the depth of the w ater column, reflecting tidal cycles. All directions indicated 



























Figure 12. 24-hour plot of ADV data on T4  (August 17, 2009]. A: East-w est 
direction, B: N orth-south direction, C: Up-down direction. Sampling tim es on T4  
w ere 6:00am, 11:00am, 3:00pm and 7:00pm. Current speeds are given in m s*1 and 



















Figure 13. 11-hour plot of ADV data from T2 6  [Septem ber 9, 2009]. A: East-west 
direction, B: North-south direction, C: Up-down direction, D: Depth relative to the 
ADV. Sampling tim es on T2 6  w ere  7:00am, 3:00pm and 6:00pm. This record does 
not encom pass the entire day because the ADV ran out of m em ory space for data 
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Figure 14. D istribution of the glass beads (% total beads) a t the beginning (To), 
m iddle ( T 2 6 )  and end ( T 4 9 )  of the experim ent within each core sam pled from 
perfusionator cells 2, 3, 4, 5, 7 and 8.
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Figure 15. Percent of beads mixed below  2cm depth (top) and 5cm depth (bottom ) 
in each perfusionator cell over the course of the experim ent. Open symbols 
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Table 2. Response variables m easured over the course of each day in the EPS study.
R e sp o n se  V ariab le P u rp o se  fo r  M e a su r e m e n t
S e d im e n t  Chlorophyll (c o n cen tra t io n ) Proxy for p h o to s y n th e t ic  b iom ass
S e d im e n t  to ta l  organic  C and to ta l  N 
(co n cen tra t io n  and at% e n r ich m en t)
Follow c h a n g e s  in s e d im e n t  C and N 
c o n te n t  and incorporation  o f  label into  
bulk OM
Ludox ex tracted  su rface  s e d im e n t  C and N 
(co n cen tra t io n  and at% e n r ich m en t)
Follow incorporation  o f  label into BMA 
b io m a ss  th rou gh  th e  d en s ity -b a sed  
sep aration  o f  BMA from  s e d im e n t
Extracellular Polym eric  S u b s ta n c e s  
(co n cen tra t io n ,  at% e n r ic h m e n t  and  
carb oh yd rate  m o n o m e r  c o m p o s it io n )
• Hot W a ter  Extraction: Intracellular  
c o m p o n e n t s
• Hot B icarbonate  Extraction: EPS 
bound  to  or t ig h t ly -a sso c ia ted  with  
cells
Follow d irect incorporation  o f  label into  
EPS and track th e  d ifferen t  p oo ls  o f  OM  
p rod u ced  by th e  BMA.
EPS co n c e n tr a t io n ,  at% e n r ich m en t  and  
carb oh yd rate  m o n o m e r  co m p o s it io n  w e r e  
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T able  5. Total carbohydrate concentration expressed norm alized g_1 EPS and also g- 
1 extracted sedim ent. Samples with carbohydrate concentrations below detection 
limits are represen ted  w ith (-). Sampling tim es for each day are given in 24:00 time.
I
Carbohydrate Concentrations in EPS Extracts (HW and HB)
Perfusionator Extract T4 T26Cell 7:00 11:00 15:00 19:00 6:00 15:00 18:00
Mg carbohydrate g '1 EPS
2 HW 3 5 1 5 6 0 9  8 3 9 8 5 1 7 4 4 8 1 8 8 9 2 2 5 4 2 2 3 9
4 HW - 5 9 3 1  2 5 1 8 1 8 7 1 2 8 9 3 9 9 2 4 3 7 9 3 1 0 5 1
5 HW - 1 5 1 2 4 5 3 6 2 8 9 8 5 1 1 4 4 9 1 2 6 8 2
8 HW 4 7 3 2 - 3 7 2 0 4 1 7 4 9 6 9 7 7 1 4 3 4 7 5 6
2 HB _ _ _ 3 6 1 3 5 6 5 7 1 1 6 1
4 HB - - 6 0 9 3 8 8 4 6 6 1 1 0 3 6 9 5
5 HB - - - 4 1 0 4 1 4 4 6 4 5 2 9
8 HB - - 22 6 4 9 1 3 0 2 0 3 6 8 3
T4 T26
7:00 11:00 15:00 19:00 6:00 15:00 18:00
|ig carbohydrate g - l w et sedim ent
2 HW 6 . 5 0 . 8  6 .1 2 . 5 2 3 . 6 1 7 . 4 17 .1
4 HW - 8 . 0  4 2 . 9 9 . 5 3 1 . 0 4 6 . 6 2 2 . 1
5 HW - 1.8 4 . 9 2 3 . 0 15 .0 6 . 3
8 HW 6 .2 - 5 .5 7 . 9 2 1 . 7 8 . 6
2 HB _ - - 1 2 . 7 1 7 . 2 2 .0
4 HB - - 1 3 . 4 3 7 . 7 2 1 . 3 8 .0
5 HB - - - 13 .1 1.9 2 . 6
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Appendix 2. Bulk sedim ent %TOC and %TN for downcore sedim ents sam pled at 5 
tim es throughout the experim ent.
Perfusionator Open/Covered Depth
Bulk Sediment TOC (% )
Day 0 Day 16 Day 26 Day 35 Day 49
1 0 0 -3 m m 0 .1 5 6 0 .0 7 4 0 .0 8 9 0 .0 5 7 0 .0 6 7
1 0 3 -1 0 m m 0 .0 8 7 0 .0 4 7 0 .0 7 8 0 .0 5 9 0 .0 5 0
1 0 1 0 -2 0 m m 0 .0 4 9 0 .0 5 1 0 .0 7 4 0 .0 4 9 0 .0 4 9
1 0 2 0 -5 0 m m 0 .0 2 4 0 .0 7 4 0 .0 8 6 - 0 .0 4 4
1 0 5 0 -1 0 0 m m 0 .0 6 1 0 .1 0 2 0 .0 6 2 - 0 .0 5 5
2 0 0 -3 m m 0 .0 8 2 0 .0 8 2 0 .1 9 5 0 .0 6 1 0 .0 6 6
2 0 3 -1 0 m m 0 .0 7 7 0 .0 6 0 0 .0 5 6 - 0 .0 5 2
2 0 1 0 -2 0 m m 0 .0 3 9 0 .0 4 5 0 .0 3 8 0 .0 7 0 0 .0 4 4
2 0 2 0 - 5 0 m m 0 .0 3 0 0 .0 3 6 0 .0 4 0 - 0 .0 3 2
2 0 5 0 -1 0 0 m m 0 .0 5 1 0 .0 4 2 0 .0 3 6 0 .0 4 9 0 .0 8 3
3 0 0 -3 m m 0 .1 0 8 0 .0 8 4 0 .0 8 1 0 .1 3 1 0 .0 7 4
3 0 3 -1 0 m m 0 .1 0 7 0 .0 6 4 0 .1 2 8 0 .0 5 9 0 .0 7 4
3 0 1 0 -2 0 m m 0 .0 6 4 0 .0 5 8 0 .0 6 6 - 0 .1 0 8
3 0 2 0 -5 0 m m 0 .0 3 5 0 .0 3 6 0 .0 2 8 0 .0 2 6 0 .1 3 8
3 0 5 0 -1 0 0 m m 0 .0 3 4 0 .0 2 9 0 .0 3 2 - 0 .0 7 4
4 0 0 3 m m 0 .0 8 7 0 .3 0 1 0 .1 1 9 0 .2 2 9 0 .0 7 6
4 0 3 -1 0 m m 0 .0 3 7 0 .1 2 5 0 .1 1 1 - 0 .1 1 5
4 0 1 0 -2 0 m m 0 .0 3 5 0 .0 8 6 0 .0 5 1 0 .0 7 5 0 .0 7 2
4 0 2 0 -5 0 m m 0 .0 3 2 0 .0 7 0 0 .0 3 9 0 .0 2 4 0 .0 7 0
4 0 5 0 - 1 0 0 m m 0 .0 6 0 0 .0 2 9 0 .0 5 5 - 0 .0 6 4
5 c 0 -3 m m 0 .0 8 0 0 .0 8 3 0 .0 6 6 0 .0 9 3 0 .0 6 4
5 c 3 -1 0 m m 0 .0 4 2 0 .0 7 2 0 .0 5 2 0 .0 9 5 0 .0 8 5
5 c 1 0 -2 0 m m 0 .0 2 8 0 .0 4 6 0 .0 3 8 - 0 .0 5 7
5 c 2 0 -5 0 m m 0 .0 2 1 0 .0 3 0 0 .0 4 0 0 .0 3 3 0 .0 3 6
5 c 5 0 - 1 0 0 m m 0 .0 2 2 0 .0 3 8 0 .0 2 4 0 .0 2 1 0 .0 2 7
6 c 0 -3 m m 0 .1 1 3 0 .1 1 6 0 .1 8 2 0 .0 4 0 0 .4 8 8
6 c 3 -1 0 m m 0 .0 4 5 0 .1 0 7 0 .1 1 4 0 .0 5 4 0 .6 9 0
6 c 1 0 -2 0 m m 0 .0 2 2 0 .0 6 5 0 .0 4 2 - 0 .3 0 5
6 c 2 0 -5 0 m m 0 .0 2 5 0 .0 3 9 0 .0 3 1 - 0 .3 3 8
6 c 5 0 - 1 0 0 m m 0 .0 3 0 0 .0 2 1 0 .0 2 2 0 .0 2 6 0 .0 7 2
7 c 0 -3 m m 0 .0 6 4 0 .0 7 4 0 .0 7 3 0 .0 5 4 0 .0 6 2
7 c 3 -1 0 m m 0 .1 0 3 0 .0 8 6 0 .0 4 5 0 .0 6 2 0 .0 4 7
7 c 1 0 -2 0 m m 0 .0 2 2 0 .0 6 8 0 .0 3 3 0 .0 5 4 0 .0 7 2
7 c 2 0 - 5 0 m m 0 .0 2 5 0 .0 4 3 0 .0 2 6 - 0 .0 3 8
7 c 5 0 - 1 0 0 m m 0 .0 4 8 0 .0 3 2 0 .0 3 3 - 0 .0 2 3
8 c 0 -3 m m 0 .1 0 5 0 .1 3 1 0 .3 1 1 0 .0 8 2 0 .1 1 3
8 c 3 - lO m m 0 .0 5 3 0 .0 7 3 0 .1 2 8 - 0 .2 3 2
8 c 1 0 -2 0 m m 0 .0 5 1 0 .0 4 3 0 .0 4 5 - 0 .3 4 2
8 c 2 0 - 5 0 m m 0 .0 8 1 0 .0 1 9 0 .0 3 7 0 .0 3 9 0 .1 0 0






































______________ Bulk Sedim ent TN (% )
O pen/ Depth Day q Day 16 Day 26 Day 35
Covered _______ __
0 0 - 3 m m 0 .0 2 0 0 .0 0 9 0 .0 1 2 0 .0 0 8
0 3 - 1 0 m m 0 .0 0 9 0 .0 0 6 0 .0 1 0 0 .0 0 7
0 1 0 - 2 0 m m 0 .0 0 6 0 .0 0 7 0 .0 1 0 0 .0 0 5
0 2 0 - 5 0 m m 0 .0 0 2 0 .0 0 9 0 .0 1 1 -
0 5 0 - 1 0 0 m m 0 .0 0 7 0 .0 1 2 0 .0 0 8 -
0 0 - 3 m m 0 .0 1 1 0 .0 1 0 0 .0 2 8 0 .0 0 8
0 3 - 1 0 m m 0 .0 0 9 0 .0 0 8 0 .0 0 7 -
0 1 0 - 2 0 m m 0 .0 0 3 0 .0 0 6 0 .0 0 4 0 .0 0 8
0 2 0 - 5 0 m m 0 .0 0 2 0 .0 0 4 0 .0 0 4 -
0 5 0 - 1 0 0 m m 0 .0 0 5 0 .0 0 6 0 .0 0 4 0.000
0 0 - 3 m m 0 .0 1 3 0 .0 1 0 0 .0 1 1 0 .0 1 8
0 3 - 1 0 m m 0 .0 1 4 0 .0 0 9 0 .0 1 9 0 .0 0 7
0 1 0 - 2 0 m m 0 .0 0 9 0 .0 0 7 0 .0 0 8 -
0 2 0 - 5 0 m m 0 .0 0 3 0 .0 0 4 0 .0 0 3 0.000
0 5 0 - 1 0 0 m m 0 .0 1 9 0 .0 0 5 0 .0 0 3 -
0 0 - 3 m m 0 .0 1 2 0 .0 3 7 0 .0 1 6 0 .0 3 0
0 3 - 1 0 m m 0 .0 0 4 0 .0 1 7 0 .0 1 5 -
0 1 0 - 2 0 m m 0 .0 0 4 0 .0 1 1 0 .0 0 6 0.000
0 2 0 - 5 0 m m 0 .0 0 2 0 .0 0 8 0 .0 0 4 0.000
0 5 0 - 1 0 0 m m 0 .0 0 7 0 .0 0 4 0 .0 0 6 -
c 0 - 3 m m 0 .0 1 1 0 .0 1 1 0 .0 0 7 0 .0 1 3
c 3 - 1 0 m m 0 .0 0 5 0 .0 1 0 0 .0 0 6 0 .0 1 0
c 1 0 - 2 0 m m 0 .0 0 4 0 .0 0 5 0 .0 0 4 -
c 2 0 - 5 0 m m 0 .0 0 2 0 .0 0 4 0 .0 0 4 0.000
c 5 0 - 1 0 0 m m 0 .0 0 2 0 .0 0 5 0 .0 0 2 0.000
c 0 - 3 m m 0 .0 1 3 0 .0 1 4 0 .0 2 6 0 .0 0 5
c 3 - 1 0 m m 0 .0 0 6 0 .0 1 5 0 .0 1 5 0 .0 0 7
c 1 0 - 2 0 m m 0 .0 0 2 0 .0 0 7 0 .0 0 5 -
c 2 0 - 5 0 m m 0 .0 0 2 0 .0 0 4 0 .0 0 3 -
c 5 0 - 1 0 0 m m 0 .0 0 2 0 .0 0 3 0 .0 0 2 0.000
c 0 - 3 m m 0 .0 0 9 0 .0 0 9 0 .0 1 0 0 .0 0 7
c 3 - 1 0 m m 0 .0 1 4 0 .0 1 3 0 .0 0 6 0 .0 0 7
c 1 0 - 2 0 m m 0 .0 0 2 0 .0 0 8 0 .0 0 4 0 .0 0 6
c 2 0 - 5 0 m m 0 .0 0 2 0 .0 0 5 0 .0 0 3 -
c 5 0 - 1 0 0 m m 0 .0 0 5 0 .0 0 4 0 .0 0 3 -
c 0 - 3 m m 0 .0 1 2 0 .0 1 6 0 .0 4 4 0 .0 1 1
c 3 - 1 0 m m 0 .0 0 5 0 .0 0 9 0 .0 1 8 -
c 1 0 - 2 0 m m 0 .0 0 7 0 .0 0 5 0 .0 0 5 -
c 2 0 - 5 0 m m 0 .0 0 8 0 .0 0 2 0 .0 0 4 0.000
c 5 0 - 1 0 0 m m 0 .0 0 2 0 .0 0 6 0 .0 0 4 0.000
A ppendix 3. Porew ater 15N concentrations [|iM] averaged for open and covered 
perfusionator cells during the experim ent. Error bars rep resen t ±1 SE.
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A ppend ix  4. B u l k  s u r f a c e  s e d i m e n t  ( 0 - 3 m m ]  T O C  e n r i c h m e n t  d u r i n g  t h e
e x p e r i m e n t .
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A ppendix  5 .  B u l k  s u r f a c e  s e d i m e n t  ( 0 - 3 m m )  T N  e n r i c h m e n t  d u r i n g  t h e
e x p e r i m e n t .
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A ppendix  6. L u d o x - e x t r a c t e d  b u l k  s u r f a c e  s e d i m e n t  ( 0 - 3 m m )  T O C  e n r i c h m e n t
d u r i n g  t h e  e x p e r i m e n t .
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Appendix 7. Ludox-extracted bulk surface sedim ent f0-3mm] TN enrichm ent
during the experim ent.
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Appendix 8. Carbohydrate composition, expressed as % of total carbohydrate 
detected.
P e rc e n t  ( % )  o f  T o ta l C a r b o h y d ra te
T im e s te p E x tra c t P e r f u s io n a to r T im e A ra b in o s e F u c o se R ib o se  R h a m n o s e  G a la c to s e X y lose M an n o se G lu c o se
7 :00 - - - 52 - - 48
11:00 - - - - - - 100z 3 :00 - - - 58 - - 42
7 :00 - - - 48 - - 52
7 :00 - - - - - - -




• _ _ 40 ■ ■ 60
[T 11:00 - - - - - - -D 3 :00 - - - 52 - - 48
7 :00 - - - 61 - - 39
7 :00 - - - 54 - - 46
Q 11:00 - - - - - - -o 3 :00 - - - - - - -
7 :00 - - - 56 - - 44
4
7:00 - - - - - - -
•J 11:00 - - - - - - -Z 3 :00 - - - - - - -
7 :00 - - - - - - -
7 :00 - - - - - - -
A 11:00 - - - - - - -*T 3:00 - - - - - - -
HB 7:007 :00
7 10 19 24 25 ■ ■ 16
11:00 - - - - - - -3 3 :00 - - - - - - -
7 :00 - - - - - - -
7 :00 - - - - - - -
Q 11:00 - - - - - - -o 3 :00 - - - - - -
7 :00 - - 26 34 - 40
T im e s te p  E x tra c t  P e r f u s io n a to r T im e A ra b in o s e F u c o se R ib o se R h a m n o se G a la c to s e X y lo se M an n o se G lu c o se
6 :00 15 5 18 5 19 8 9 22
2 3:00 15 6 16 6 18 6 10 23
6:00 13 4 19 6 19 7 9 23
6:00 14 5 18 4 19 7 8 27
4 3:00 16 4 19 4 19 7 6 25
6:00 14 6 26 6 20 6 - 22
M W 6:00 16 5 21 5 18 7 8 20
5 3:00 16 5 25 7 16 9 11 12
6 :00 9 10 48 - 18 - - 15
6 :00 9 9 35 - 24 7 - 16
8 3:00 18 5 24 5 17 7 8 16
6 :00 8 7 39 11 17 6 - 13
2 6
6 :00 25 6 31 8 14 6 - 10
2 3:00 29 8 28 6 13 5 - 11
6 :00 13 42 - - - - - 45
6 :00 29 9 27 4 14 6 - 11
4 3:00 26 6 24 6 18 4 - 17
l-IR 6:00 16 8 44 - 16 7 - 9l i t) 6:00 30 7 34 - 15 5 - 9
5 3:00 29 27 - - 44 - - -
6 :00 27 17 - - 35 - - 20
6 :00 16 6 36 9 15 7 - 11
8 3:00 16 6 25 7 17 8 10 10
6:00 20 5 24 7 16 7 9 11
1 0 6
Appendix 9. TOC content, expressed as a percent of sample weight, of bulk 
sedim ent and EPS.
TOC C o n te n t  o f  S e d im e n t s  a n d  E P S  E x t r a c t s
B u lk
S e d im e n t E P S
T im e s te p E x t r a c t  P e r f u s io n a to r T im e TOC ( % ) TOC ( % )
7 :0 0 0 .0 5 5 .11
1 1 :0 0 0.11 1 3 .58
z 3 :0 0 0 .0 6 5 .6 2
7 :0 0 0 .0 5 7 .2
7 :0 0 0 .09 1 4 .08
A 1 1 :0 0 0 .29 13.3H 3 :0 0 0 .11 9 .31





c 1 1 :0 0 0 .0 4 8 .0 87 3 :0 0 0 .1 3 1 2 .94
7 :0 0 0 .0 5 7 .8 2
7 :0 0 0 .0 5 19 .47
o 1 1 :0 0 0 .0 6 12 .52O 3 :0 0 0 .0 4 14 .77
7 :0 0 0 .0 5 5 .2 4
4
7 :0 0 0 .0 5 6 .0 3
7 1 1 :0 0 0 .11 3 .7 7Z 3 :0 0 0 .0 6 3 .3 8
7 :0 0 0 .0 5 1 .87
7 :0 0 0 .0 9 1 .98
A 1 1 :0 0 0 .2 9 2 .7 8H 3 :0 0 0 .11 2 .5 4
HB 7 :0 0 0 .19 1 .367 :0 0 0 .05 9 .5
c: 1 1 :0 0 0 .0 4 8 .6 6D 3 :0 0 0 .1 3 6 .7 5
7 :0 0 0 .0 5 8 .6 7
7 :0 0 0 .0 5 1 .56
8 1 1 :0 0 0 .0 6 3 .9 73 :0 0 0 .0 4 2 .2 9
7 :0 0 0 .0 5 3 .8 5
B u lk
S e d im e n t EPS
T i m e s t e p E x t r a c t  P e r f u s io n a to r T im e TOC C % ) TOC (° /
6 :0 0 0 .1 1 5 .3 5
2 3 :0 0 0 .0 8 7 .7 5
6 :0 0 0 .0 3 6 .2 3
6 :0 0 0 .9 9 5 .6 7
4 3 :0 0 0 .1 2 8 .0 9
HW 6 :0 06 :0 0
0 .0 7 6 .2 6
7 .4 7
5 3 :0 0 0 .0 4 6 .7 3
6 :0 0 0 .0 3 7 .0 6
6 :0 0 7 .8 7
8 3 :0 0 0 .0 7 7 .0 9
6 :0 0 0 .0 8 5 .97
26
6 :0 0 0 .1 1 2 .01
2 3 :0 0 0 .0 8 2 .4 3
6 :0 0 0 .0 3 1.2
6 :0 0 0 .9 9 2 .5 8
4 3 :0 0 0 .1 2 2 .5 6
HB 6 :0 06 :0 0
0 .0 7 2 .31
1 .38
5 3 :0 0 0 .0 4 2 .0 3
6 :0 0 0 .0 3 1 .97
6 :0 0 3 .3 4
8 3 :0 0 0 .0 7 1 .33
6 :0 0 0 .0 8 1 .92
1 0 7
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A ppendix  11. Biplots examining relationships sugar m onom ers tha t indicate 
various source inputs to sedim ents, sim ilar to plots constructed by Cowie and 
Hedges [1984]. A: % ribose vs. % xylose: xylose is a structural carbohydrate tha t 
indicates "stalk-forming" microalgal sources, ribose is an indicator of bacterial 
sources. B: % fucose vs. % ribose: any sum of these two sugars >30% [i.e. to the 
right of the line] indicates bacterial sources, any sum of these two sugars <30% 
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